Between October 2016 and June 2017, a C57BL/6J mouse colony that was undergoing a pre-and 25 peri-natal methyl-donor supplementation diet intervention to study the impact of parental 26 nutrition on offspring susceptibility to disease was found to suffer from an epizootic of 27 unexpected deaths. Necropsy revealed the presence of severe colitis, and further investigation 28 linked these outbreak deaths to a Clostridium difficile strain of ribotype 027 we term 16N203. C. 29 difficile infection (CDI) is associated with antibiotic use in humans. Current murine models of 30 CDI rely on antibiotic pretreatment to establish clinical phenotypes. In this report, the C. difficile 31 outbreak occurs in F1 mice linked to alterations in the parental diet. The diagnosis of CDI in the 32 affected mice was confirmed by cecal/colonic histopathology, presence of C. difficile bacteria in 33 fecal/colonic culture, and detection of C. difficile toxins. F1 mice from parents fed the methyl-34 supplementation diet also had significantly reduced survival (p<0.0001) than F1 mice from 35 parents fed the control diet. When we tested the 16N203 outbreak strain in an established mouse 36 model of antibiotic-induced CDI, we confirmed that this strain is pathogenic. Our serendipitous 37 observations from this spontaneous outbreak of C. difficile in association with a pre-and peri-38 natal methyl-donor diet suggest the important role diet may play in host defense and CDI risk 39 factors. 40 41 Importance 42
Page 7 of 31 fluorogenic PCR for C. difficile targeting the 23S rRNA gene (Charles River Laboratories, 139 Wilmington, MA). Cecum and colon tissues as well as tissues from other organs were fixed in 140 10% neutral buffered formalin for a minimum of 24 hours and then routinely processed to 141 paraffin, sectioned, and stained with hematoxylin and eosin by the University of Michigan In 142 Vivo Animal Core (IVAC) histology laboratory. A board-certified veterinary pathologist blinded 143 to the diet groups evaluated the tissues descriptively in the initial outbreak and subsequently 144 performed severity scoring of cecal and colonic tissues according to our previously published 145 scoring system for experimentally-induced C. difficile-associated typhlitis and colitis (25) . In 146 brief, slides were evaluated on a 0-4 scale for the individual parameters of edema, inflammation, 147 and epithelial damage and an overall severity score was generated by summing these parameters 148 (scale 0-12).
150
To investigate the outbreak source and the extent of contamination, environmental and fecal 151 pellet PCR was performed as described above. Swabs were taken from various areas including 152 cardboard rolls collected for mouse enrichment and the interior of the respective collection bins 153 and supply and exhaust plenums of four autoclaved racks. Within the ABSL2 room, door knobs, 154 biosafety cabinet used for changing cages, clean lixits, and rack supply ducts connected to the 155 building ventilation system were sampled. Each PCR sample tested for the affected mouse 156 colony comprised of pooled fecal pellets (a fecal pellet collected from a representative mouse in Page 8 of 31 C. difficile strain 16N203 was isolated from feces frozen at -80°C after collection from a 161 spontaneously affected animal in the dietary study mouse colony. 1.5 fecal pellets were thawed, 162 passed into an anaerobic chamber, and diluted in 200µL sterile anaerobic PBS. 20µL was placed 163 into 3mL of taurocholate cefoxitin cycloserine fructose broth (TCCFB) and incubated at 37°C For colony identification, a 16N203 C. difficile colony was diluted in 15µL UltraPure Water 169 (Invitrogen 10977-015), heated to 95°C for 20 min and then used for colony PCR to determine 170 identity and toxin type of the isolated organism (26, 27) . PCR was performed using the 171 following primers for the C. difficile specific band F: 5'-172 TTGAGCGATTTACTTCGGTAAAGA-3' and R: 5'-CCATCCTGTACTGGCTCACCT-3' 173 along with the universal 16S primers 515F: 5'-GTGCCAGCMGCCGCGGTAA-3' and E939R: 174 5'-CTTGTGCGGGCCCCCGTCAATTC-3' (26). Toxin specific PCR followed previously 175 published primers omitting the 16s rDNA primers (27). The PCRs were run in a total volume of 176 25uL containing GoTaq Green Master Mix (Promega M712), primers, and nuclease free water. Cytotoxicity assay was performed as previously described with the following modifications (25).
180
Briefly, ATCC CCL-81 Vero cells were grown to confluence in Dulbecco modified Eagle 181 medium (Gibco 11965) supplemented with 10% fetal bovine serum (16140) and 1% Penicillin 182 streptomycin (Gibco 15070). Cells were plated to a density of 10 5 cells/well. Mouse cecal Page 9 of 31 content was diluted 1:10 in sterile PBS, passed through a 0.22µm filter, and serially diluted to 10 -184 6 . Filtered samples were tested in duplicate with a corresponding control which both antitoxin 185 (Techlab T5000) and sample were added. A positive control of C. difficile TcdA (List 186 Biologicals 152C) was used. Samples were incubated overnight at 37°C and the cytotoxic titer 187 was determined as the reciprocal of the highest dilution that produced 80% cell rounding. Variants were identified by: 1) mapping filtered reads to the assembled C. difficile strain 630 200 reference sequence (NC_009089.1) using the Burrows-Wheeler short-read aligner (BWA), 2) 201 discarding PCR duplicates with Picard, and 3) calling variants with SAMtools and bcftools.
202
Variants were filtered from raw results using GATK's VariantFiltration (QUAL > 100, MQ > 203 50, > 10 reads supporting variant, FQ <0.025). In addition, a custom python script was used to 204 filter out single nucleotide variants that were: 1) <5 bp in proximity to indels 2) <10 bp in animals were allowed to drink antibiotic amended water ad libitum and the antibiotic water was 217 changed every other day. After 10 days, antibiotic water was switched to sterile distilled water.
218
After 2 days on water without antibiotics, 3 male and 3 female mice (total treated n=6) were 219 challenged via oral gavage with 500 spores of C. difficile strain 16N203. Spores (preparation 220 described below) were suspended in 50µl Gibco sterile distilled water and 3 male mice (total 221 mock n=3) were treated with 50µl of Gibco water only. Mice were monitored 16 hours post 222 infection and feces were collected and plated to confirm spore inoculation. Mice were observed 223 every 3 hours for 36 hours for clinical signs of disease until clinical signs appeared. Mice were 224 euthanized by CO 2 inhalation when clinical signs appeared or at study endpoint. Mice were then 225 evaluated at 48 hours after C. difficile infection for weight loss, activity, posture, coat, diarrhea 226 and nose/eyes appearance (32). Animals were euthanized and cecal contents and tissues from 227 the animals were collected for culture and ELISA. 16N203 was streaked onto TCCFA and an isolated colony was incubated overnight anaerobically 231 at 37°C in 2mL Columbia broth (BD 294420). The next day the culture was placed into 40mL of 232 Clospore (33) and incubated anaerobically at 37°C for 8 days. The culture was spun at 3200rpm 233 for 20min at 4°C. The pellet was washed two times with sterile water (Gibco 15230-147), once 234 with sterile 0.05% Tween 20 (Fisher BP337), and then once with sterile water. The final pellet 235 was resuspended in 1mL sterile water. The spore stock was stored at 4°C in sterile water. Prior 236 to gavage, spores were heated to 65°C for 20min. Spores were plated on TCCFA to determine 237 dose administered to animals. (25). This led to screening of affected animals for C. difficile, which was subsequently 253 identified in a number of these mice, suggesting a potential outbreak. To facilitate investigation 254 of this outbreak, we developed the following case definition: confirmed cases had 1) presentation 255 of a compatible clinical syndrome and either, 2) histopathologic cecal/colonic lesions consistent 256 with C. difficile infection or, 3) tested positive for C. difficile bacteria or C. difficile toxin. Of the 257 57 animals that died during the study period, we were able to complete analysis on 36 mice and 258 determined 25 of these mice fit our case definition. We found 12 mice have causes of death 259 unrelated to the outbreak and 20 mice had no tissues available for examination ( Table 1) .
261
We constructed an epidemic curve to follow the course of this outbreak. The initial 14 deaths in 262 the colony that led to the outbreak investigation were included in this epidemic curve ( Figure   263 1A), but as most of these animals were found dead, or intestinal tissue was not examined, case 264 definitions could not be assigned to these mice. Over the course of the outbreak study, there 265 were 86 MS diet and 97 control diet F1 mice. We excluded all F0 mice and F1 mice that had no 266 tissue available or were examined but did not meet case definition and generated a Kaplan-Meier 267 survival curve analysis on only the confirmed cases of CDI shows lower survival in the MS diet 268 mice (n=66) compared to control diet mice (n=85) (Figure 1B) . Curve analysis indicates that on 269 day 254, which is the day on which the last outbreak case was identified, 96.5% of the control 270 mice survived while only 66.7% of the MS mice remained (p < 0.0001). A curve comparison of 271 the confirmed CDI cases based on F1 diets-HFD (n=50) versus ND (n=101) group suggests 272 that HFD fed mice had higher survival percentages (p < 0.02), ( Figure 1B) ; however, there were 273 65 F1 mice on HFD mice while 118 F1 mice were on ND in the initial colony (Table 1) . For
274
Page 13 of 31 comparison, we also included a Kaplan-Meier survival curve analysis on all F1 mice, 275 incorporating them as censored (lost) for analyses ( Figure 1C) . (Figure 2A, 2B) . Of the 17 animals with histologically evident typhlocolitis, we were 293 also able to collect and submit fecal and/or cecum and colonic samples from 14 animals for 294 testing. 12 of the 14 animals tested positive for C. difficile TcdA and TcdB via ELISA and 2 295 tested positive for C. difficile bacteria via PCR. 14 were F1 mice from the MS diet and 3 were 296 from the control diet groups (Figure 2C) . The cecum summary scores (Figure 2C) in the MS Page 14 of 31 diet (n=13) was 6.1 ± 2.6 and 9.3 ± 2.1 in the control diet (n=3). The colon summary scores 298 ( Figure 2C) shows that MS diet (n=14) was 4.0 ± 2.2 and control diet (n=2) was 4.5 ± 2.1. One 299 MS-diet F1 mouse had missing colon scores and one control diet F1 mouse had missing cecum 300 scores due to tissue autolysis. Given that significantly fewer control diet F1 mice (p<0.0001) 301 were affected in the outbreak (Figure 1B) , we collected fewer control samples and thus cannot 302 draw conclusions on the effect of the F0 diet on disease severity between the two groups of F1 303 mice.
305
Overall, we observed that the histology score was higher in cecum than colon in most animals, 306 consistent with experimental murine C. difficile models (25). Of the remaining 7 out of 24 307 histologically evaluated animals that did not have evidence of typhlocolitis, alternate causes of 308 death/morbidity were identified, including tumors (n=2), bacterial enteritis (n=2), or 309 undetermined by histology (n=3). Finally, there were 12 out of 36 analyzed animals that had no 310 gastrointestinal tissue available to be histologically evaluated, and 8 of these animals tested Figure 1B) . Whole genome sequencing of strain 16N203 was undertaken, and 322 a whole genome phylogeny was constructed (Figure 3A) , including a representative set of 323 previously sequenced C. difficile isolates. These isolates contain publicly available clinical 324 genomes (34-36), clinical isolates collected at the University of Michigan, and two mouse 325 strains (16N203 and LEM1). LEM1 is an indigenous murine spore-forming C. difficile strain 326 identified and isolated from mice acquired from common mouse vendors, Jackson Laboratories 327 and Charles River Laboratories (37). LEM1 appears to not be highly virulent and can protect 328 against the closely related but more virulent strain VPI10463, at least in mice with C57BL/6J or 329 BALB/c background (37). In our data, the murine strain LEM1 clusters with Clade 1, which 330 contains reference strain CD630, while the outbreak strain fell within the diversity of Clade 2, 331 which contains RT027 isolates (Figure 3A) . When a phylogenetic tree was constructed with only 332 RT027 isolates, the outbreak 16N203 strain clustered with isolates derived from human patients 333 with clinical CDI (38) (Figure 3B) . 334 336 We had previously demonstrated that C. difficile strains have variable virulence in an established 337 mouse model where CDI susceptibility is conveyed by treatment with the antibiotic cefoperazone 338 (25). To determine whether the pathogenicity of the outbreak strain 16N203 was unique to the 339 dietary model, we assessed whether the outbreak strain 16N203 was virulent in this established 340 model of CDI (Figure 4A) . C57BL/6J mice on a standard diet and without previous dietary 341 manipulations were treated with cefoperazone in drinking water for 10 days and then switched 342 back to plain water. Two days after stopping antibiotics, mice were challenged with either 500 In this report, we describe an outbreak of C. difficile infection (CDI) and colitis in laboratory 352 mice associated with diet manipulation. This outbreak is interesting because spontaneous, 353 symptomatic CDI is unusual in laboratory mice, and symptomatic colitis due to experimental 354 CDI generally requires pretreatment with antibiotics (37, 39). Subclinical colonization of mice 355 has been reported previously. In one study it was noted that mice could be colonized with C. 356 difficile with or without prior antibiotic treatment but this colonization was at a very low level 357 and not associated with any clinical disease (19) . Administration of the antibiotic clindamycin 358 was associated with increases in the levels of colonization but again without development of 359 clinical colitis. It has been also reported that wild rodents can harbor toxigenic C. difficile strains, 360 again without any overt disease (40). One group reported that laboratory mice obtained from 361 multiple sources appear to harbor LEM1, an indigenous C. difficile strain (37). Colonization with 362 LEM1 in the same study did not result in disease and in fact was associated with protection from 363 disease following challenge with another strain of C. difficile that generally produces severe 364 colitis in experimental models of CDI. In contrast, while LEM1 clusters with Clade 1 (containing 365 reference strain CD630 (RT 12)), the outbreak strain in our study clustered in Clade 2 with Page 17 of 31 patient-derived RT 027 isolates and was associated with clinical disease in both spontaneously 367 infected and experimentally infected mice. The source of this strain remains unclear, and our 368 attempt at revealing a source with environmental sampling did not yield conclusive results.
335

C. difficile strain 16N203 is fully virulent in a mouse model of antibiotic-induced CDI
369
Ribotyping and genetic analyses suggest a potential source was through fomites or human 370 carriers, but the source may have been gone by the time of environmental investigation.
372
The mechanism underlying the unexpected increased susceptibility of these mice is also not 373 entirely clear. Small animal models to recapitulate CDI pathogenesis generally rely on antibiotic 374 pretreatment prior to experimental challenge with C. difficile, even with virulent strains (39). As 375 noted, the current outbreak is unusual in that there were no antibiotics administered to the 376 animals and instead susceptibility to colonization and colitis was associated with dietary (peri- In our study, increased C. difficile-associated deaths were seen in the offspring of mice receiving 386 the methyl-supplementation (MS) diet. Diet may be a factor that can alter the community 387 structure and function of the intestinal microbiota, and diet-related susceptibility to CDI has been 388 evaluated in some studies (42, 43) . Patients receiving enteral tube feeding had increased risk of 389 Page 18 of 31 developing CDI (44). Tube feeds given in the form of an elemental diet (i.e. a diet that is entirely 390 absorbed within the small bowel) are thought to deprive the colonic bacteria of nutrition in the 391 form of fiber and resistant starch, increasing the risk of CDI (45). Microbiota accessible starches 392 may protect against CDI as in murine studies where feeding such carbohydrates can suppress 393 experimental CDI (46). This protection was associated with an increase in short chain fatty acids 394 which are the metabolic products of microbial fermentation of non-digestible carbohydrates. 395 Another study showed that a low protein diet (which had reciprocal increases in carbohydrate 396 composition) could be protective in a mouse model of CDI (47). In addition to macronutrients, it 397 was recently demonstrated that zinc deficiency could alter the microbiota and increase 398 susceptibility to experimental CDI (48).
400
It should be noted that, in contrast to our study, the diet-related susceptibility or amelioration of 401 experimental CDI discussed above occurred in models where the microbiota was still altered via 402 antibiotic administration. An earlier study in hamsters fed an atherogenic diet in the absence of 403 antibiotic administration, unexpected diarrhea and death due to colitis was observed in animals 404 starting 45 days after diet manipulation (49). Similar to our study, toxigenic C. difficile was 405 isolated from affected animals, although typing of the strain was not performed. It is interesting 406 to note that in these hamsters, the atherogenic diet increased susceptibility to CDI, but in our 407 study, F1 mice that were on a 42% high fat diet (HFD) exhibited increased survival-though it 408 should be noted that this observation was limited by the fact that there were significantly more 409 normal diet mice than HFD mice in the mouse colony at the time.
410
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While hamsters are exquisitely susceptible to C. difficile, symptomatic murine C. difficile colitis 412 outbreaks in the absence of antibiotic administration are very rare. There is precedence for 413 disease outbreaks in mice associated with C. difficile, but the affected mice have had significant 414 immune alterations that increased their susceptibility (50, 51). One such outbreak occurred in a 415 murine experimental autoimmune encephalomyelitis model generated via the administration of 416 pertussis toxin and a myelin oligodendrocyte glycoprotein fragment (51). These authors 417 speculated that the stress of this experimental manipulation or the development of the 418 autoimmune disease altered the microbiota in a manner that leads to susceptibility to CDI, but 419 they did not profile the microbiota in these animals. Although we were unable to characterize the 420 microbiota in our study due to the unexpected nature of the outbreak, a future avenue to explore 421 would be diet-associated microbial community alterations that may convey susceptibility. Page 20 of 31 methyl F1 mice and germ free mice) was sufficient to worsen DSS-induced colitis in germ free 435 mice, indicating that the maternal methyl-donor diet alone may enhance a colitis-prone 436 microbiota profile. While this study cannot be directly compared to C. difficile colitis, it strongly 437 suggests that a prenatal methyl-donor diet is sufficient in generating a pro-colitic F1 microbiota.
438
In the context of CDI, it remains to be determined whether susceptibility is due strictly to altered 439 community composition, creating a niche for C. difficile colonization, or whether microbial 440 changes directly promote colitis-enhancing inflammatory responses. While unexpected, the 441 current spontaneous outbreak of CDI in the absence of antibiotics in mice with parents fed an 442 altered pre-and peri-natal diet may ultimately provide additional insight into the interplay of 443 diet, host responses, and the microbiota that mediates CDI and colitis susceptibility. 
